Acetate (1 to 10 mM) had no effect on the rate of nitrite oxidation or exponential growth by Nitrobacter agilis. However, acetate-1-'4C and -2-14C were both assimilated by growing cultures, and acetate carbon contributed 33 to 39%7 of newly synthesized cell carbon. Carbon from acetate was incorporated into all of the major cell constituents, including most of the amino acids of cell protein and poly-f-hydroxybutyrate (PHB). Cultures grown in the presence of acetate showed a significant increase in turbidity, attributable in part to protein synthesis and the accumulation of PHB in the "post-exponential phase," when the supply of nitrite was completely exhausted. Cell suspensons of N. agilis assimilated acetate in the absence of bicarbonate and even in the absence of nitrite. However, the addition of nitrite increased the rate of acetate assimilation by cell suspensions. The distribution of 14C-acetate incorporated by cell suspensions was qualitatively similar to that found with growing cultures. Cell suspensions of N. agilis slowly oxidized acetate to CO2. Addition of nitrite suppressed CO2 production from acetate but increased the assimilation of acetate carbon into cell material. N. agilis contained all the enzymes of the tricarboxylic acid cycle. Growth of N. agilis in the presence of acetate did not significantly affect the levels of the enzymes of the tricarboxylic acid cycle, but did result in a 100-fold increase in the specific activity of isocitratase. In contrast, carboxydismutase was partially repressed. N. agilis was grown heterotrophically through seven transfers on a medium containing acetate and casein hydrolysate. The addition of nitrite increased the rate of heterotrophic growth. Heterotrophically grown organisms still retained their ability to grow autotrophically with nitrite. However, these organisms oxidized nitrite at a slower rate. Organisms from autotrophic and heterotrophic cultures were analyzed to determine the mean guanine plus cytosine content of their deoxyribonucleic acid; in both cases this mean was 61.2 i 1%. We concluded that N. agilis is not an obligate autotroph; it appears to be a facultative autotroph which resembles the novel facultative autotroph, Thiobacillus intermedius, very closely.
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Autotrophic microorganisms are classified as either facultative or obligate (39) . Facultative autotrophs, as exemplified by the hydrogen bacteria, Thiobacillus novellus and T. intermedius, and many eucaryotic algae, are able to use organic compounds as a major source of cell carbon and energy. In contrast, obligate autotrophs, such as some of the blue-green algae, certain of the thiobacilli, and the photosynthetic bacteria of the genus Chlorobium, are unable to grow in organic media in the dark (photoautotrophs), or in the absence of inorganic reductant (chemoautotrophs). Nevertheless, carbon from organic compounds is assimilated into cell material by obligate autotrophs in growing cultures and in cell suspensions (8-12, 16-19, 23, 24, 35) . The ACETATE ASSIMILATION BY NITROBACTER AGILIS tern of incorporation of such organic carbons have not been studied. This investigation was undertaken to determine whether N. agilis is an obligate autotroph of the type exemplified by certain of the thiobacilli and blue-green algae. To accomplish this, we studied the response of N. agilis to organic compounds, with particular reference to the assimilation of acetate.
MATERIALS AND METHODS
A pure culture of the nitrifying bacterium N. agilis was kindly provided by C. C. Delwiche (University of California, Davis). The organism was grown in a liquid autotrophic medium containing Na2HPO4, 2.55 g; KH2PO4, 0.27 g; NaNO2, 1.38 g; MgS04-7H20, 20 mg; CaCl2 .2H20, 2.5 mg; 'iron solution,' 10 ml; 'trace salts,' 1 ml; and deionized water to 1 liter. The 'iron solution' contained (g/liter) FeSO4-7H20, 1.0, and Na2 ethylenediaminetetraacetic acid (EDTA), 1.0. The 'trace salts' solution contained (g/liter) H3B03, 0.02; CuS04-5H20, 0.10; MnSO4-2H20, 0.02; (NH4)6Mo7024-4H20, 0.02; ZnS04-7H20, 0.15; CoCl2, 0.01; and Na2 EDTA, 1.0. After autoclaving, the pH of the medium was 7.65. The sterile autotrophic medium was supplemented with various heat-sterilized organic compounds as indicated in the text.
Inocula of 1 to 57c (v/v) were taken from 5-dayold stock cultures which had received one additional increment of nitrite (see below). Cultures ranging in volume from 25 27 C for at least 7 days. Contamination was rare; when it occurred the cultures were discarded.
In the investigation of acetate incorporation during growth, cultures (750 ml in 2-liter Erlenmeyer flasks) were supplemented before inoculation with heatsterilized sodium acetate-1-'4C or -2-14C (25 to 50 ,c) at a final concentration of 1 or 5 mm. For the estimation of nitrite, protein, and 14C, samples were removed at zero-time and during growth. Volumes of whole culture (0.1 ml) were mixed with 15 ml of scintillator solution (7) and were counted. After 72 hr of incubation, samples (1.0 to 10 ml) were removed every 12 hr and drawn through Millipore filters (average pore size, 0.45 A). The organisms retained on the filters were washed twice with 50 mm sodium acetate and twice with water. The filters were glued to aluminum planchets and counted.
In the investigation of the assimilation and oxidation of acetate and the fixation of C02, suspensions of organisms were prepared from cultures in the late exponential phase of growth. The organisms were harvested by centrifugation at 16.000 X g for 1O min washed twice in sterile nitrite-free growth medium (0.05 of the volume of the original culture), and resuspended in the same medium at a density of 1.0 to 6.0 mg of protein per ml. Suspensions containing 0.1 to 1.0 mg of protein per ml and acetate-1-'4C (5 mm and 0.1 uc/MAmole) were incubated in test tubes in a water bath at 30 C. Other additions to the suspensions were made as indicated in the text. The suspensions were gassed with a stream of air scrubbed free of CO2 by passage through a column of granular soda lime and through a wash bottle containing 0.1 M NaOH. Samples containing less than 0.25 mg of protein were drawn through Millipore filters, treated as described above, and counted.
Conventional Warburg techniques were used in the study of the respiratory activity of suspensions SMITH AND HOARE in nitrite-free growth medium in the presence of acetate and other oxidizable substrates. The suspensions were incubated at 30 C and the oxidation of acetate-1-'4C by these organisms was followed in Warburg flasks containing 2.8 ml of suspension (0.8 mg of protein per vessel), 3 ,umoles of acetate-J-'4C (2 ,uc/,umole) , and nitrite as indicated. The 14CO2 produced as a result of acetate oxidation was trapped in 0.1 ml of 1 M Hyamine in methanol which was absorbed on filter paper in a small glass tube placed in the center well of the Warburg flask. At the end of the incubation period, the flask was removed and sealed with a rubber stopper; the reaction was stopped with 0.1 ml of 50%c trichloroacetic acid, and the vessel was placed on ice for 30 min. The tube containing the Hyamine was transferred to a scintillation vial containing 15 ml of Bray's solution and the contents were counted. The contents of the main compartment of the flask were neutralized with 1 N NaOH, quantitatively transferred to a 10-ml graduated cylinder, and made up to volume with ice-cold 50 mM sodium acetate. The neutralized suspension was centrifuged at 12,000 X g for 15 min, and the supernatant fluid was decanted. The cell pellet was washed twice with the acetate solution and was resuspended in 10 ml of water. Samples of the supematant fluid (0.1 ml) and of the washed cell suspension (0.05 to 0.4 ml) were mixed with 15 ml of Bray's solution and counted.
To determine whether '4CO2 is fixed by N. agilis, sealed 50-ml Erlenmeyer flasks containing suspensions (5 ml) of organisms (1.5 mg of protein/ml) grown in nitrite-free medium (to which 25 uc of 5 mm NaH14CO3 was added) were shaken transversely in a water bath at 30 C. The flasks contained either sodium nitrite or sodium acetate at a final concentration of 5 mM; an endogenous control was also included. Samples (0.2 ml) were removed every 20 min with serum syringes, dispersed in water, and drawn through Millipore filters. The organisms retained on the filter were washed twice with 50 mm NaHCO3 and twice with water. The filters were glued to aluminum planchets and counted.
Organisms labeled with isotope from cultures and suspensions containing 14C-acetate were fractionated by the method of Roberts et al. (34) . The final cell residue was divided into two equal portions which were separately processed; one of the portions was used for the isolation of poly-,3-hydroxybutyrate (PHB) and the other was used for acid hydrolysis of the residual protein. PHB was isolated by a modification of the procedure of Stanier et al. (40): (i) 5 mg of carrier PHB was added to the cell residue, and the mixture was digested with 5 ml of chlorine bleach at 25 C; (ii) the residue was centrifuged and was washed successively with water, acetone, and ether; (iii) the washed material was then dissolved in chloroform and samples were plated on "ringed" copper planchets. The protein in the cell residue was hydrolyzed by refluxing for 18 hr in 20 ml of 6 N HCI. The hydrolysate was dried in a stream of air and dissolved in 1 ml of water; the process was repeated twice. The amino acids in the hydrolysate were resolved as described previously (16) . Samples of the various fractions were plated on aluminum planchets and were counted as described below. Radioactive areas on chromatograms and paper electrophoresis strips were located by autoradiography using "NoScreen" X-ray film (Eastman-Kodak Co., Rochester, N.Y.).
A model D47 gas-flow planchet counter (NuclearChicago Corp., Des Plaines, Ill.) and an Ansitron scintillation spectrometer were used to determine the amount of isotope in the samples; the efficiencies of counting procedures were approximately 30 and 60%, respectively. Samples on planchets were counted at infinite thinness.
Cell-free extracts were prepared from organisms in the late exponential phase of growth. Cultures (3 to 6 liters) were harvested as described above, washed twice in 0.05 of the culture volume of 0.05 to 0.005 M potassium phosphate buffer (pH 7.5), and resuspended in 10 to 20 ml of the same buffer containing 5 mM mercaptoethanol. The organisms were disrupted at 5 C under an atmosphere of N2 by exposure for 6 min to ultrasonic oscillations generated by a 10-kc disintegrator (Raytheon Co., South Norwalk, Conn.). The cell suspensions were centrifuged at 3,000 X g for 20 min to remove whole cells and large-cell debris, and the crude supernatant fluid was centrifuged at 105,000 X g for 1 hr in a model L ultracentrifuge (Spinco Div., Beckman Instruments Inc., Fullerton, Calif.).
Standard methods were used to determine the specific activity of the following enzymes in extracts: acetic thiokinase (20) , citrate-condensing enzyme (14) , isocitric dehydrogenase (32), a-ketoglutaric dehydrogenase (22) , fumarase (30) , malic dehydrogenase (33) , glutamic dehydrogenase (41), glutamylaspartylaminotransferase (21), isocitratase and malate synthetase (14) , and carboxydismutase (27) . Succinic dehydrogenase activity was very low and was demonstrated by the phenazine methosulfate method (5). Aconitase was measured, using cisaconitate as the substrate, by coupling the reaction to the reduction of nicotinamide adenine dinucleotide phosphate (NADP) with pig heart isocitric dehydrogenase. The reaction mixture contained (,umoles): glycylglycine, pH 7.5, 75; MnCl2, 20; NADP, 0.7; cis-aconitate, 20; 20 ,uiters of a solution of pig heart isocitric dehydrogenase containing 8.5 ,umolar units per ml, and extract containing 0.1 to 0.5 mg of protein in a volume of 3.0 ml. Reduced nicotinamide adenine dinucleotide (NADH2) oxidase activity was measured in a reaction mixture containing (jumoles): potassium phosphate, pH 8.0, 150; MgCl2, 50; NADH2, 0.25; and crude extract containing 0.1 to 0.5 mg of protein in a volume of 3.0 ml.
The method of Lowry et al. (28) was used to determine protein, and crystalline bovine serum albumin was used as the standard. Nitrite was determined by diazotization and coupling with a-naphthylamine. Samples containing up to 2 ,umoles of nitrite (in a volume of 7 ml of water) were mixed with 1 ml of sulfanilic acid reagent (0.6 g of sulfanilic acid was dissolved in 70 ml of hot water, and the solution was cooled, acidified with 20 (Fig. 1) . Similarly, the organic supplement did not affect the rate of nitrite oxidation in actively growing cultures (Fig. 1) . These results do not provide any definite evidence to indicate that acetate is or is not incorporated into cell material during the exponential growth phase. However, when radioactive tracer techniques were used, it was found that N. agilis readily assimilated acetate carbon during the logarithmic phase of growth (Fig. 2) . Both carbon atoms of acetate were assimilated to the same extent and at the same rate. Table 1 shows the balance of nitrite consumed, acetate assimilated, and protein formed in cultures supplemented with "IC-acetate. Carbon from acetate contributed 33 to 39% of newly synthesized cell carbon under exponential growth conditions, assuming that cell carbon is 50% of dry weight. A fivefold increase in acetate concentration did not have a significant effect on the amount of acetate assimilated during growth. There was a small but consistent loss of radioactive carbon from the cultures during growth (Table 1 ). Even at lower acetate concentrations, more than half of the added acetate remained unchanged at the end of the growth experiments. In previous studies of the blue-green algae and certain thiobacilli, acetate assimilation was essentially independent of concentration. In this case, however, the contribution of acetate carbon to newly synthesized cell carbon was only 10% (39) . During the exponential phase of growth in N. agilis, there was no significant change in the ratio between protein formed and nitrite oxidized when cultures were supplemented with substrate amounts of acetate (Fig. 1) (Fig. 3a) . The increase in absorbance was due, in part, to additional synthesis of protein in the absence of nitrite (Fig. 3b) . Gross changes in fine structure also resulted from prolonged incubation of cultures containing acetate. The cell was inundated with reserve material which effectively masked the structural features which characterize the organism (31) . An intracellular accumulation of reserve material probably contributed significantly to the observed increase in the turbidity of the cultures. Fig. 3 ).
clearly indicate that the increase in turbidity was the result of a period of unbalanced growth in which some protein and massive amounts of reserve material (probably PHB) are produced. This finding emphasizes the danger of interpreting an increase in turbidity in terms of growth. In this connection, it is pertinent to question the significance of a recent report that N. winogradskyi grew on formate, since the sole evidence for this growth is an increase in turbidity in the absence of nitrite (15) .
Acetate utilization by cell suspensions. The gross changes which occurred when nitrite oxidation was completed in cultures containing acetate imply that N. agilis can assimilate acetate carbon into cell material (protein and PHB) in the absence of nitrite, the physiological source of assimilatory power (i.e., adenosine triphosphate and reduced pyridine nucleotide). The minimal conditions necessary for the assimilation of acetate by cell suspensions of N. agilis were determined, and these conditions confirm that this organism incorporates acetate into cell material in the absence of nitrite (Fig. 4) . In contrast, the assimilation of acetate by Thiobacillus neapolitanus (24) and by several bluegreen algae (18) is completely dependent on autotrophic sources of energy, reduced inorganic sulfur compounds and light, respectively.
Under conditions where the rate of acetate assimilation was strictly dependent on cell concentration, the rate of acetate assimilation was stimulated by nitrite, whether present initially or added during the period of incubation (Fig.   4 ). When all of the nitrite added to the suspension was oxidized, the rate of acetate assimilation dropped to that characteristic of acetate alone (Fig. 4a) (29, 37, 38) . There are, however, conflicting reports concerning the oxidation of acetate by N. agilis (19, 38) . Organisms grown on nitrite, with or without acetate, had a low but significant endogenous respiration which increased in the presence of acetate (Table 4) . Glucose, in contrast, did not affect the endogenous rate of oxygen uptake.
Stimulation of the rate of endogenous respiration by acetate could be interpreted in one of three ways: (i) exogenous acetate stimulated the oxidation of endogenous reserves but was not oxidized; (ii) acetate was itself oxidized instead of the endogenous reserves; and (iii) exogenous acetate was oxidized in addition to the endogenous reserves (13) . If either of the last two interpretations is correct, cell suspensions would produce 14CO2 from 14C-acetate. In parently use acetate as a source of assimilatory power, the question arises whether acetate oxidation can support the fixation of CO2 in addition to the assimilation of acetate itself.
Cell suspensions which actively assimilated CO2 in the presence of nitrite did not fix significant amounts of CO2 in the presence of acetate alone. Acetate oxidation by N. agilis was a slow process which, therefore, provided the organism with a relatively limited supply of assimilatory power. As acetate assimilation itself is an energyrequiring process, there is likely to be competition for available assimilatory power between the autotrophic C02-fixation mechanism and the sequence of reactions necessary for the assimilation of acetate. It is possible that suspensions are unable to fix CO2 in the presence of acetate because, under these conditions, acetate assimilation successfully monopolizes the already limited supply of assimilatory power to the exclusion of CO2 fixation.
The data from studies with intact organisms indicate that N. agilis, unlike other obligate autotrophs, can use acetate both as a source of cell carbon for the synthesis of a variety of cell constituents and as a source of energy.
Enzymatic activities of cell-free extracts. To confirm and extend the conclusions drawn from studies with intact organisms, cell-free extracts of N. agilis were prepared and examined to detect the enzymes mediating the activation and oxidation of acetate. Extracts contained acetic thiokinase (acetyl-CoA synthetase) and all of the enzymes of the tricarboxylic acid cycle. In addition, a particulate NADH2 oxidase was present in crude a The reaction mixture contained substrate (25 to 50 ,umoles) and organisms (0.3 to 9.0 mg of protein) in a volume of 2.9 ml. The center well of the Warburg vessel contained 0.1 ml of 20% KOH. The rates are uncorrected for endogenous respiration. extracts. Table 6 shows the specific activities of the tricarboxylic acid cycle as well as the specific activities of the ancillary enzymes present in extracts of organisms grown on nitrite with and without acetate. The levels of these ancillary enzymes in the extracts were not significantly altered by growth in the presence of acetate. The activity of succinic dehydrogenase in extracts was very low, and the enzyme did not lend itself to conventional assay techniques. Consequently, only a qualitative demonstration of this enzyme was possible. The high level of malic dehydrogenase is characteristic of organisms that possess an operative tricarboxylic acid cycle (39) . Isocitric dehydrogenase was specific for NADP, ACETATE ASSIMILATION E and this contrasts with a previous report on the lack of nucleotide specificity of this enzyme (1) .
No attempt was made to demonstrate a coupling of acetate oxidation to the generation of energy in extracts. However, a particulate fraction from extracts of N. agilis is known to couple the oxidation of reduced nicotinamide adenine dinucleotide (NAD) to the esterification of inorganic phosphate (2, 3, 25) . Thus, it is clear that Nitrobacter is able to obtain assimilatory power from acetate by known metabolic reaction sequences.
Extracts were also examined for the presence of carboxydismutase (ribulose diphosphate carboxylase) and enzymes of the glyoxylate cycle. In addition, the effect of growth in the presence (Fig. 5) . The organism was maintained on this medium through more than seven transfers. Addition of nitrite to a heterotrophic culture of N. agilis stimulated the rate of growth (Fig. 5) . Under these conditions, the growth rate was similar to that found under strictly autotrophic conditions. When grown autotrophically the generation time was 20 hr, whereas under heterotrophic conditions the generation time was 90 hr. When returned to the autotrophic medium, the organism grew at the expense of nitrite without a significant increase in lag period (Fig. 5) 22. Both the nitrite-and formate-oxidizing systems were partially repressed during growth in heterotrophic media.
Great care was taken to ensure that cultures were pure and free from contaminants. The purity of stock autotrophic and heterotrophic cultures was established by streaking samples on 11 different types of organic media. Heavy inocula from heterotrophic and autotrophic cultures of N. agilis gave visible microcolonies on some of the media after incubation for 2 weeks at 25 C. Since the organism grew slowly in a liquid organic medium, it was not surprising that visible colonies were produced on solid media after prolonged incubation.
As a further control, the buoyant density of deoxyribonucleic acid (DNA) extracted from heterotrophically and autotrophically grown N. agilis was determined by the cesium chloride density gradient method, using bacteriophage SP8 DNA as an internal reference (36) . There was no evidence for more than one band of DNA in either sample. The density of the DNA in both cases ranged from 1 (45) . However, the work "V trophic rate (26, 27) . Furthermore, in both T. described in this paper amply demonstrates that intermedius and N. agilis, carboxydismutase the presumptive obligate nitrifying autotroph, synthesis was partially repressed by exogenous N. agilis, differs from the obligately autotrophic organic compounds. Therefore, these two orthiobacilli in many important respects related ganisms constitute a new subgroup of facultato the metabolism of acetate (Table 8 ). In ad-tive autotrophs ( Table 9 ). The biochemical basis dition, it is now clear that the nitrifier can grow, for the difference between these two groups of albeit slowly, under heterotrophic conditions in facultative autotrophs is, however, uncertain. the absence of nitrite. It is thus a facultative
In this connection, it is pertinent to question autotroph. Since heterotrophically grown or-the generally accepted obligate status of several ganisms continue to grow when transferred to other chemoautotrophs. At present, only certain an autotrophic medium, there is no question of thiobacilli are well-authenticated examples of a "physiological transformation of species," as obligate chemoautotrophs or "anorgoxidants" proposed by Beijerinck (4) and subsequently (24, 39 
